Introduction
Multiple sclerosis (MS) is a chronic, inflammatory condition of the central nervous system, which affects approximately 2.5 million people worldwide [1] . It is frequently debilitating and definitive treatment for the condition remains elusive. Although much remains unknown regarding the underlying etiology of MS, most authors agree that a disturbance of the immune system and an autoimmune response directed at components of the central nervous system are crucial aspects of the pathogenesis [1] . Pathological studies have identified the oligodendrocyte as a possible early target of a disordered inflammatory response [2] . Careful histological and in-vitro experiments have highlighted a role for tumor necrosis factor-α (TNF-α) and γ-interferon with many other cytokines also implicated.
A number of partially successful treatments for MS have been developed. These treatments include T-cell suppressants such as azathioprine [3] , mitozantrone [4] , glatiramer acetate [5] , and β-interferons [6] ; methylprednisolone, a general immunosuppressant [7] ; and natalizumab, a monoclonal antibody against very late antigen-4 (VLA-4) [8] . Although many of these pharmacological treatments have been shown to be partially successful in treating MS, routes of administration and adverse effects limit their use. Thus, the search for more effective and safe treatment options for MS continues.
Recently, recombinant chaperonin 10 (Cpn10) has been shown to suppress the inflammatory response and improve clinical outcome measures in experimental autoimmune encephalomyelitis, a mouse model of MS [9, 10] . Cpn10 was originally identified as early pregnancy factor in the serum of pregnant mammals, including humans [11] . Intracellularly, Cpn10 interacts with Cpn60 (Hsp60) to promote protein folding in mitochondria. Extracellular Hsp60 has been shown to act as an agonist for a group of proinflammatory innate immune receptors known as toll-like receptors (TLRs) [12, 13] . In contrast, Cpn10 may elicit its anti-inflammatory activity by blocking the interaction between Hsp60 and TLRs [14] . Thus, it has been postulated that Cpn10 may have a systemic immunomodulatory role similar to its role in the downregulation of the immune system observed in pregnancy. Additional studies have indicated that chaperonin 10 suppresses the expression of adhesion molecules [15] and appears to affect trafficking of lymphocytes in the central nervous system [16] . More recently, Cpn10 has been demonstrated to promote survival of pro-oligodendrocytes from neonatal rat brain [17] .
In early phase I studies, administration of Cpn10 showed no significant adverse events in subjects. Similarly, the drug was well tolerated when administered intravenously in single and multiple doses over a period of up to 5 days at doses ranging from 1 mg to 10 mg in both healthy volunteers and patients with MS [18] . Pharmacological studies indicated that Cpn10 had a half-life of approximately 1 hour, when administered intravenously, but was active for up to 4 days in reducing levels of TNF-α in lipopolysaccharide-activated peripheral blood mononuclear cell (PBMC) assays [18] . The aim of the present study was to explore the adverse event profile and tolerability of Cpn10 in a cohort of patients with MS over a longer period of time. In addition, pharmacodynamic and clinical responses were monitored using a variety of measures.
Patients and methods

Subjects
Subjects were patients with relapse-remitting or secondary progressive MS meeting the McDonald diagnostic criteria [19] but also meeting the additional criterion of having abnormalities on magnetic resonance imaging (MRI) brain as defined by Paty, et al. [20] . Subjects were required to be aged 18-60 years at enrollment and have an Expanded Disability Status Scale (EDSS) [21] less than 7.0. All subjects gave written informed consent.
Subjects were excluded if another definable cause for their presentation emerged, they had primary progressive MS or an isolated clinical syndrome, they had inadequate venous access, they were not able to give informed consent, they had a contraindication to MRI scanning or were intolerant of MRI scanning, they were unable to receive Gadolinium, or they had another illness or history of illness which might have interfered with assessments or the subjects ability to complete the study. Additional exclusion criteria were a normal MRI brain at screening, exacerbation of MS during the 4-week screening period, receipt of any disease modifying therapy during the previous 3 months, receipt of any experimental therapy within the previous 30 days, a positive pregnancy test, significantly abnormal hematological or biochemical parameters, an antinuclear antibody titer of 1:80 or greater, inability or unwillingness to take adequate contraceptive precautions, or donation or loss of more than 500 mL of blood in the previous 12 weeks.
Subjects were enrolled at two centers: CMAX, Royal Adelaide Hospital and Griffith University, Gold Coast, Australia. Institutional human research ethics committee approval was obtained at both sites. The study was registered with the Australian Clinical Trials Registry (ACTRN0 12606000037505).
Study design
This was a parallel, dose comparison, randomized, double-blind, placebo-controlled trial of Cpn10. The two treatment arms received Cpn10 either twice weekly or once weekly alternating with placebo. The control arm received placebo twice weekly. The active treatment was 5 mg of recombinant Cpn10 in 50 mM Tris-HCl buffer with 150 mM NaCl at pH 7.6 diluted to 10 mL in sterile water for injection and administered as a slow injection intravenously over 2 min. The placebo consisted of the buffering solution alone diluted in sterile water for injections. Both solutions were clear and colorless. Active product prepared by BresaGen Ltd (Adelaide, Australia) and placebo were diluted into vials by Formatech Inc (Boston, USA). The randomization schedule was prepared on a clustered design based on each site by CMAX (Adelaide, Australia). Eligible subjects were assigned a treatment ID at enrollment into the study, and treatment codes were held in sealed envelopes at each site. Thus, the study was blinded to both the subject and study investigators.
The Cpn10 dose of 5 mg was chosen based on phase I data which indicated that this dose produced the greatest decrease in lipopolysaccharide-induced production of TNF-α without any undue adverse effects [18] .
Subjects were seen for initial screening 4 weeks before enrollment into the treatment phase of the study. Details of full medical history and MS history were taken including details of relevant previous investigations. A physical examination including EDSS [21] and an electrocardiogram were undertaken. Samples for blood count, biochemical profile, thyroid function tests, thyroid antibodies, antinuclear antibodies, HIV, hepatitis B and C, drug and alcohol screen, urinalysis, and pregnancy testing were taken. A screening MRI of brain was also undertaken. These tests together with baseline Multiple Sclerosis Impact Scale-29 (MSIS-29) [22] and pharmacokinetic, pharmacodynamic, and anti-Cpn10 antibody samples were repeated before enrollment into the treatment phase (week 0). Pharmacokinetic measurements were taken at 30 min following dosing on weeks 1, 4, 8, and 12. Serum Cpn10 levels were determined using an in-house validated sandwich ELISA method, with a detection limit of 0.195 ng/mL. Blood was taken for pharmacodynamic measurement on weeks 1 and 12 at 8 hours post Cpn10 administration and on weeks 4 and 8 as trough samples. For the pharmacodynamic response, an in-vitro assay of cytokine generation by lipopolysaccharide-stimulated PBMC was used as a measure of the in-vivo biological activity of Cpn10. PBMC was isolated and stimulated, and secreted cytokine levels were quantitated by Cytometric Bead Array technology (Human Inflammation kit, BD CBA software, BD Biosciences, San Jose, California) as previously described [14, 23] . Testing for anti-Cpn10 antibodies was performed using a validated, titer-based ELISA method developed in-house. Serial dilutions of serum samples were added to microtiter plates coated with Cpn10. Cpn10-specific patient antibodies that bound to the plates were detected with an antihuman Ig antibody (GE Healthcare, Amersham, UK). A four-fold increase in antibody titer above baseline samples was taken as significant. This level of significant titer rise was determined in two ways. Empirically from experience with the assay that had demonstrated a random variance in repeat testing of samples of up to two-fold and from previously published reports of similar titer-based assays indicating that a four-fold increase is an appropriate cutoff [24] .
Treatment/placebo was administered twice weekly for 12 weeks. Vital signs were monitored before and after each treatment administration. Neurological assessment with EDSS, blood tests, MRI and review of relapses and adverse events was undertaken every 4 weeks during the treatment phase and at 4 weeks after discontinuation of treatment. The MSIS-29 was also repeated at the end of the treatment phase (week 12). The protocol schedule is summarized in Figure 1 .
Subjects were encouraged to contact the study coordinators if any significant new symptoms occurred, and an unscheduled visit was arranged to record any relapse or significant adverse event. Other adverse events were recorded by the study staff at each visit or drug administration session and then reviewed by the principal investigator at each site.
The primary endpoint for the study was the adverse event profile. Secondary endpoints were the pharmacodynamic response, number and Imaging MRI scans were performed using a predefined protocol and included T1-weighted axial scans with and without Gadolinium, proton density axial, T2-weighted axial, T2-weighted sagittal, and FLAIR sequence axial images. Scans were performed on either a Siemens Magnetom Vision 1.5T or a GE Signa Genesis 1.5T scanner. All imaging data were reviewed by a single reviewer using semiautomated region of interest software (OsiriX). For each time point, the following data were collected: total number of Gadolinium-enhancing lesions, number of new Gadolinium-enhancing lesions, number of previously Gadolinium-enhancing lesions, and total area of Gadolinium-enhancing lesions.
In view of the short duration of the study, no interim statistical analysis was planned. A decision was made to continue the study unless a serious adverse event occurred and it was felt, on review by the principal investigator in consultation with the relevant ethics committee, that this was likely to be related to the administration of drug.
Statistical analysis
Power calculations indicated that a total of 50 subjects with 40% in each treatment arm and 20% in the placebo arm would have 80% power to show a pharmacodynamic response, 50% power to show a change in new enhancing lesions on MRI, and 30% power to detect a clinical change in relapse rate assuming an α of 0.05 with 20% change in the variable measured, or 1.0 change in the case of the EDSS, as being clinically significant.
All statistical analyses were performed on the intention to treat population using all available safety and efficacy data. Safety data were analyzed on the basis of treatment emergent adverse events. Baseline characteristics were defined at the pretreatment screening visit (week 0). Data were analyzed for variance and parametric analysis of variance (ANOVA) performed, with respect to patients and doses of Cpn10, where homogeneity was found. Where homogeneity was not found, nonparametric ANOVA was performed, to compare any differences between treatment groups. The null hypothesis stated that there was no effect of Cpn10 on disease outcome variables, and a P value of <0.05 was taken as significant. No correction for multiple testing was made, and therefore, significant results can only be taken as indicative and not definitive. Because of the small numbers of patients and the high variability in counts of new Gadolinium-enhancing lesions, this data has been reported in comparison to the activity seen at baseline allowing each subject to act as their own control. Two analyses were performed on the MRI data: one for the incidence of new lesions and the other for the volume of the total number of lesions. The incidence of new enhancing lesions and total number of lesions were discrete response variables, and the distribution of the number of such lesions occurring at any time point was reasonably modeled as a negative binomial variate.
For the pharmacodynamic data, at each time point following screening (week 1, 4, 8, and 12), an ANOVA was conducted comparing the change in parameter value from baseline across the three treatment groups. In addition, at each time point for each treatment group, a paired test (one-sided) gave an indicative comparison of the parameter value with the baseline (screening) value.
Results
The numbers of patients screened and enrolled and their randomized allocation are summarized in Figure 2 . Reasons for exclusion are listed in Figure 2 . Following randomization, 20 subjects received 5 mg of Cpn10 twice weekly, 19 subjects received Cpn10 (5 mg) alternating with placebo each week, and 11 subjects received placebo twice weekly. There were no significant differences in baseline characteristics; however, patients in the placebo group were generally older, were more likely to be male, and had less active disease (Table 1 ).
There were no significant differences in the frequency of adverse events between the three treatment arms ( Table 2 ). The frequencies of specific symptoms, where the overall frequency was 10% or more, are shown in Table 2 for each treatment arm. There were no significant abnormalities detected on laboratory testing, and no clear pattern was seen between the three treatment arms in the 14 minor abnormalities, which were detected (data not shown).
There were two patient withdrawals; both were on active treatment twice per week. In one patient, gastrointestinal symptoms, which may have been related to the administration of drug, were the cause for withdrawal. In the second, dyspnea without an identifiable underlying cause was the reason.
Due to logistical and technical problems associated with the isolation of viable PBMC, the sample size for pharmacodynamic measurements was reduced in the placebo (n = 5) and both Cpn10 treatment cohorts (n = 7 each). PBMC isolated from patient blood samples was stimulated with LPS, and levels of secreted TNF-α, IL-1β, IL-6, IL-8, IL-10, and IL-12 were measured. Levels of TNF-α and IL-1β were significantly lower in the Cpn10/placebo cohort by week 8 of treatment compared with predose ( Figure 3 ). Levels of TNF-α did not remain significantly inhibited, whereas levels of IL-1β remained significantly lower in this cohort at week 12. Similarly, by week 8, IL-8 and IL-10 levels were significantly lower in the Cpn10 cohort nevertheless, levels of these cytokines returned to baseline by week 12. Changes in levels of IL-6 and IL-12 were not observed in Cpn10-treated cohorts (data not shown).
At exit evaluation (week 16), 3 of 39 (8%) subjects on treatment (1 on Cpn10, 2 on Cpn10/placebo) had a four-fold or greater rise in antibody titer. No increase in antibody of this magnitude was seen in the placebo group, although a three-fold increase in titer was observed in one patient receiving placebo. The cumulative change in mean numbers of new Gadolinium-enhancing lesions compared with baseline for each group is shown in Figure 4 . A trend toward a reducing number of lesions in the two active treatment arms and a rise in lesion number in the placebo arm were detected. The lesion volume data did not show this trend (data not shown). One patient in the Cpn10/placebo arm had a significant relapse that began on day 1 and developed 11 new enhancing lesions at week 4, and this subject was therefore considered an outlier from the other patients in this group (Figure 4) . It is unlikely that this was a treatment effect, although the possibility cannot be discounted.
Relapses occurred in 6 of 50 (12%) subjects with 0 of 20 (0%) in the twice weekly Cpn10 treatment group, 5 of 19 (26%) in the Cpn10/placebo treatment group, and 1 of 11 (9%) in the placebo treatment group. These differences were not statistically significant; however, it should be noted that in 3 of 5 subjects suffering a relapse in the Cpn10/placebo arm, the relapse occurred within the first week of treatment. There were no significant changes in EDSS or MSIS-29 from pre-study (week 0) to poststudy (week 12) assessments ( Table 3 ).
Discussion
In this study, intravenous administration of Cpn10 at two dosing regimens, twice weekly and once weekly, over a 12-week period proved to be safe and well tolerated. There were no significant differences in the frequency of adverse events between the three treatment arms. In addition, there was no indication of any deterioration on secondary clinical outcome measures in the active treatment arms.
We did not observe any significant changes in either MRI or clinical markers of disease activity over the 12 weeks of the treatment phase. There was a trend toward fewer new Gadoliniumenhancing lesions in the two active treatment arms compared with a minor increase in the placebo group when lesion counts were normalized for pretreatment MRI activity; however, this change was not significant.
A recent study of Cpn10 in rheumatoid arthritis has shown promising results with improvements in clinical measures of disease activity being seen in 6 of 7 (86%) subjects receiving the highest dose of treatment [23] . In the rheumatoid arthritis trial, higher doses of Cpn10 ranging from 5 mg twice weekly up to 10 mg twice weekly were used. Notably clearer degrees of improvement in clinical outcomes were observed in the highest dose group. In the current study, attenuated levels of both TNF-α and IL-1β were observed in the Cpn10/placebo treated arm only. No consistent trends in cytokine profiles were observed across the three treatment arms, but this pattern of cytokine response seen in one of the treated arms is consistent with previous phase I [18] and early phase II [23, 25] trials. This suggests that Cpn10 is biologically active in humans at the dosages used in the current study; nevertheless, the dosages may not be therapeutically beneficial.
The present study had very low power to detect any clinical effect of treatment and only modest power to detect any change in MRI activity. The short duration of this trial (12 weeks) was necessary because of the previously limited experience with Cpn10 in human subjects. It is well recognized that the clinical efficacy of existing immunomodulatory treatments for MS can take between 3 and 6 months to become apparent and generally lags 3 months behind any change in MRI activity [26] . The inclusion of subjects with secondary progressive disease, even though most were still experiencing relapses, increased the variability of baseline characteristics in this small cohort. The placebo group by chance was older, more likely to be men, and had less active disease. Thus, there are a number of reasons why no significant MRI or clinical efficacy was seen, but low numbers, short duration of treatment, variability of study cohort, and possibly inadequate dosing, given the data from the rheumatoid arthritis study, are all possible explanations.
In conclusion, we present evidence that Cpn10 administered intravenously at doses up to 5 mg twice weekly for 12 weeks to subjects with relapsing remitting or secondary progressive MS is safe and well tolerated. We have not found any significant difference in any of the secondary clinical outcome measures. A further phase IIb clinical trial of Cpn10 involving 100-200 subjects over a 12-month period using the higher dose of 10 mg twice weekly is clearly needed to assess any therapeutic efficacy for this potential therapy for MS. If the trend toward a reduction in new Gadolinium-enhancing lesions seen in the present study were to be confirmed, the prospects for clinical efficacy in MS would certainly be bolstered. Figure 4 Magnetic resonance imaging activity. Cumulative change in mean number of new Gadolinium-enhancing lesions at 4, 8, and 12 weeks of treatment and at exit evaluation (16 weeks) compared with baseline in three study arms. The data are shown as mean and the outlier was determined statistically using the extreme studentized deviate method for assessing outliers. 
